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(57) Abstract 

A single-mode optical fiber laser is made by an optical waveguide segment (2) comprising an inner step-index single-mode waveguide, 
an outer multi-mode waveguide (11) surrounding the former, and a quartz cladding (12) surrounding said outer waveguide (11). Said inner 
waveguide (10) is doped with both Nd and Yb and comprises end mirrors (3, 4) adapted for realizing a continuous wave single-mode optical 
fiber laser device operating in 970-980 nm range. The device is pumped by multi-mode 800 nm GaAlAs laser diode which is coupled at 
.one end of said waveguide segment (2). 
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A DIODE PUMPED, CW OPERATING, SINGLE-MODE OPTICAL FIBER 
LASER EMITTING AT 976 nm. 

5 Technical Field 

The present invention relates to a single-mode optical 
fiber lase;r device and more particularly to a new source of 
a laser radiation in the wavelength range of 976 nm, 
generally defined as 970-^980 nm, which is particularly 
10 useful in telecommunication systems. 

The invention aims to provide a laser source capable 
of emitting in continuous wave regime in the range of 976 
nm with an appreciable output power, in the order of 100 mW 
and that can directly be spliced to an optical amplifier, 
15 such as an erbium fiber amplifier. 

The single-mode optical fiber laser according to the 
invention is particularly applicable for supplying a pump 
radiation to an erbium fiber amplifier without appreciable 
losses. 

20 

Background Art 

In the paper "Continuous-Wave Tunable and 
Superf luorescent Operation of a Monomode Ytterbium-Doped 
Fiber-Laser" by D.C. Banna et al., Proceedings of the OSA 

25 Topical Meeting, May 1-3, 1989 it is disclosed the 
possibility of achieving single-mode emission at 976 nm by 
an ytterbium doped optical fiber pumped by a separate dye 
laser in the wavelength region between 800 and 920 nm. 

Such pumping scheme produces high laser thresholds 

30 because of the quite high Yb concentration required for 
producing an absorption of the pump radiation which is 
sufficient to obtain a high output power. 

A high laser threshold means that a relatively high 
minimum optical power is required for starting the lasing 

35 of the device, which is a considerable disadvantage in many 
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telecommunication applications , in 1 particular in remotedly 
fed systems. 

In a paper by E. Snitzer, "Recent Advances in glass 
Laser", NEREM RECORD, 1968, it. has been reported the 
5 operation of a laser based on a glass doped with Nd and Yb. 
The mechanism involved in the operation of such device is 
non-radiative energy transfer between Nd an Yb which occurs 
at the high concentration levels reported in the article. 

Substantially Nd is pumped by the incoming radiation 

10 and Nd in turn releases energy to Yb so that a high 
concentration of Yb is requested also in this case when a 
high output power is desired. Moreover the device allows 
only for pulsed operation (non continuous wave) and for 
emission at a wavelength around 1060 nm. 

15 As a further example of Nd-doped fiber laser, from US- 

A-4 829 529 it is known a single-mode fiber laser emitting 
at a wavelength of 1,0 8p nm and comprising an Nd doped 
glass ' single-mode fiber surrounded by a multi-mode fiber 
surface and an outer clad layer, two mirrors at the fiber 

20 ends to form a resonant cavity, and a coherent 800 nm high 
power laser diode source coupled to one end of the fiber 
through a focusing optics device. This device too emits a 
radiation at the wavelength in the range of 1,060-1,080 nm. 
Moreover none of the above considered prior art is 

25 concerned with the problem of connecting the fiber laser to 
a fiber element, such as an erbium amplifier. 

Objects of the Invention 

The object of the present invention is that of 
30 providing a laser device capable of eliminating the above 
mentioned limitations of the known art, and more 
particularly: 

providing an Nd-Yb doped glass laser device capable of 
operating in continuous wave regime in the 970-980 nm 
35 range; 
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improving the connectability of the laser source to an 
erbium amplifier; 

allowing the use of an inexpensive pumping device, 

5 Summary of the Invention 

The above objects are accomplished by the invention 
which consists of a single-mode* optical fiber laser 
comprising , 
a pumping laser diode source emitting light at a first 
10 wavelength; 

an optical waveguide segment coupled at one end to 
said laser diode source and comprising: 

i. an inner step-index single-mode waveguide; 

ii . an outer multi-mode waveguide surrounding the 
15 former; 

iii. a cladding surrounding said outer waveguide , 

a pair of mirrors placed at the ends of said optical 
fiber segment, 
characterized in that 
20 - said inner waveguide is doped with both Nd and low 
concentration of Yb; 

said mirrors are reflecting radiation at' a second 

wavelength in the range 910-940 nm and at a third 

wavelength in the range 970-980, and suppressing 
25 reflections of wavelengths outside the range defined 

by said second and third wavelengths; 

said first wavelength being in the range 780-820 nm. 

According to the invention, the achievement of the 
desired purposes are due to a combinations of features and 
30 more precisely: the simultaneous doping with Nd and Yb of 
the active fiber, the use of low Yb concentrations and the 
special design of the end mirrors. 

In order to obtain a high output power, the invention 
does not rely upon the conventional techniques of 
35 increasing either the dopant (s) concentration or the 
pumping power, or both, but rather the invention takes 
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advantages of the intra-cavity ' primping associated with 
radiative energy transfer between the dopants, and by 
forcing the system to laser at a wavelength that is 
different frdm the spontaneous one: 1 
5 Contrarily to the current technical opinion that 

reducing the dopant (s) concentration (for reducing the 
laser threshold) below a predetermined amount no lasing 
effect is obtained, the Applicant has surprisingly 
discovered that, performing a drastic reduction of the Yb 

10 concentration's below the above mentioned amount (i.e. a 
concentration of Yb 100 - 1000 lower than the concentration 
of Yb of the known devices) again laser action is obtained. 

Furthermore, considering that the low concentration of 
Yb leads to a decrease of the total conversion efficiency 

15 with tandem . pumping due to low absorption, in the 
application - in order to increase absorption/conversion 
efficiency,,, an in fiber intracavity pumping has been 
developed by simultaneously doping a single-mode fiber with 
Nd and very low concentrations of Yb and by forcing the Nd 

20 to laser at a wavelength which is very near the otie the Yb 
ions are capable of absorbing. 
In Other words thanks : 

to the high power inside the cavity (intracavity 
pumping ) ; and 

25 - to the special design of the mirrors able to force the 
Nd to emit Nd at a wavelength which is very near to 
the one Yb ions are capable of absorbing, 
it is possible to increase the absorption and consequently 
the conversion efficiency. 
30 The general operation of the device according to the 

invention is deemed to be as follows. 

Nd is pumped by a diode laser emitting at about 800 
nm. Laser emission from Nd takes place at 920 nm due to 
suitable design of the mirrors for quenching its natural 
35 emission at 1.06 jim. In turn the high power density present 
inside the cavity pumps the Yb ions very efficiently, thus 
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providing gain for CW (Continuous Wave) low-threshold 

single-mode emission at 976 nrn. The energy transfer between 

Nd and Yb occurs through photon absorption and not through 

atomic collisions as in the known device.' ♦ 

5 The laser device according to the invention is able to 

produce a very stable and efficient emission in the 

spectral range of 976 + 1 nm and can be spliced directly 

with an erbium fiber amplifier without appreciable losses. ( 

A further advantage of the laser device according to 

10 the invention resides in that the pumping device is an 
inexpensive multi-mode 800 nm GaAlAs laser diode which is 
easily available and reliable. Through a scaling up of the 
output power to the range 250-500 mW an output power level 
in the range 100-200 mW at 976 nm is easily achieved. 

15 Due to the large emitting surface (50-100 jun 2 ) of 'such 

diodes the output power density does not exceed 3-5 mW/pm 2 , 
which is ten times less than in the case of single-mode 980 
nm. 

i 

An additional advantage of the fiber laser device of 
20 the invention is that the arrangement for stabilizing the 
diode emission wavelength is quite simple. Thanks to the 
wide pumping band of the Nd ions in the quartz fcjlass, the 
use of diodes emitting in the 780-820 nm, i.e. within + 20 
nm is acceptable. 
25 Additional characteristics and advantages of the 

invention will be better understood from the description of 
preferred but not exclusive embodiments of the device 
illustrated - only as non limiting examples - in the 
attached drawings, in which: 

30 

Brief Description of. Drawings 

Fig. 1 schematically shows an embodiment of a laser 
device according to the invention with a longitudinal cross 
section of the optical waveguide segment thereof; 
35 . Fig. 2 illustrates the profile of the index of 

refraction in the fiber of the laser device; 
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Fig. 3 shows a cross sectiioh of optical waveguide 
segment according to an embodiment of the present 
invention; 

Fig. 4 1 shows a cross section of optical Waveguide 
5 segment according to another embodiment of the present 
invention? and 

Fig. % 5 schematically illustrated an alternative 
embodiment for coupling the pumping diode to the optical 
waveguide segment. 

10 

Description of Preferred Embodiments 

With reference to Fig . 1 the laser device of the 

invention consists of a pumping laser diode 1 and a length 

or segment 1 2 of an optical waveguide comprising an inner 
15 waveguide ,10 and an outer waveguide 11 surrounding the 

former , as well as a cladding layer 12 surrounding the 

waveguide ,11. The length of the optical waveguide is 

preferably in the order of about one meter. 

Preferably such optical waveguide is realized as a 
20 double-core fiber 2 with an inner core 10, an outer core 11 

and an annular cladding 12 all having a generally circular 

cross section; 

However the present invention is not limited to this 

shape and an elliptical construction is shown in Fig. 3 as 
25 comprising an inner waveguide 10a, an outer multi-mode 

waveguide 11a surrounding the former, and a quartz cladding 

12a, all with a generally elliptical cross section. 

Fig. 4 illustrates an embodiment with a rectangular 

construction comprising an inner waveguide 10b, an outer 
30 multi-mode waveguide lib surrounding the former, and a 

quartz cladding 12b, all with a generally rectangular or 

square cross section. 

In the following the invention will be further 

illustrated with reference to a circular cross section 
35 structure, but the disclosure applies also to the other 

possible embodiments unless otherwise specified. 
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The preferred profile of the refractive index ri of 
waveguide 2 (10i-12i) is illustrated by Fig. 2, with the 
inner core 10 of the fiber 2 being a step index single-mode 
core that is co-doped by Nd and Yb in a' ratio from* 20 to 
5 100, and preferably from 30 to 50. The amounts of the 
dopants will be discussed later on. 

The inner waveguide 10 is of quartz glass doped with 
Al, P, Sc, Y or a combination thereof. 

The surrounding outer waveguide 11 is a graded inddx 

10 multi-mode core with an outer diameter ranging from 30 to 
100 (Jim, depending on the face size of the diode 1* 

More generally the index of refraction of the outer 
core 11 is lower than that of the inner core 10. Such fiber 
can be manufactured through a conventional MCVD process. 

15 The cladding 12 is preferably of quartz glass dbped 

with fluorine. As an alternative * the cladding 12 is a, 
polymeric composition. The index of refraction Hi is 
generally constant as shown by Fig. 2. 

Each end of the fiber is coated by a multilayer 

20 dielectric mirror, respectively 3 and 4. Both mirrors are 
highly reflective (> 90%) to a radiation in the range 910- 
940 nm and to a radiation in the range 970-980 nm. Further 
the mirrors should practically have a suppressed reflection 
of the wavelengths outside the range 910-980 nm, and 

25 particularly the range 1000-1100 nm, i.e. the range of 
natural emission of Nd. 

This means that the mirrors reflect (or trap) the 
wavelength in the pumping range and let pass through the 
wavelengths above 980 nm, and particularly that in the 

30 range 1060-1100 nm. Most preferably, at 976 nm only mirror 
3 facing the pumping diode 1 is highly reflective (> 99% ) , 
whereas the output mirror 4 is less reflective (about 90%). 
The mirrors can be formed by direct sputtering using a 
known RF magnetron technique. 

35 A laser diode source 1 emitting a pump light at a 

wavelength of 780 to 820 nm is optically coupled to one end 
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face of the fiber* In accordahce with a preferred 
embodiment of the invention, the source 1 is an 800 nm 
multi-mode diode the active surface of which is optically 
coupled to one end face of the fiber , in case through a 
5 cylindrical lens (not shown). The laser diode 1 is for 
example a GaAlAs multi-mode SQW diode realized through an 
MOCVD technique. Such source can be replaced by an array of 
diodes. 

The light beam 5 generated by the laser source 1, 
10 launched into the outer core 12 at one of the fiber end, 
propagates therethrough and eventually but not necessarily 
can be reflected back at the other fiber, end by the mirror 
4 which can be made highly reflective at the , pumping 
wavelength. 

15 Through multiple reflections at the interface outer 

core /cladding the light penetrates into the inner core 11 
(as shown by Fig. 1) and is absorbed by Nd 3+ ions which in 
turn are lasing in the range of 925-930 nm via the 
resonance transition 4 F3/2 — > 4 I9/2 . This emission in turn 

20 acts as a pumping radiation for the Yb 3+ ions of the same 
inner core 10 that is lasing on a wavelength of 976 nm that 
corresponds to* the resonance transition 2 F5/2 — > 2^,2. 

The line emitted by Yb ions does not depend on the 
device temperature and in the quartz glass the halfwidth is 

25 of about 3 nm only. Using this device for pumping Er doped 
fiber optic amplifiers, since the lasing wavelength is 
automatically localized near the maximum of the band, there 
is no problem with the shift of the pumping line outside of 
the erbium absorption band because of the dispersion due 

30 either to the manufacturing process or to the temperature 
influence. 

Since a 940 nm water absorption band overlaps the 
pumping radiation of Yb ions (930 nm) , it is preferable to 
control the water content of the fiber. 
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According to actually preferred embodiments of the 
invention, the optical waveguide 2 has th6 characteristics 
set forth as hereinafter specified: 

1 Useful range Preferred tange 

5 Nd, concentration 10 - 500 80 - 110 ppm 

Yb concentration 1-50 1-4 ppm 

diameter of the doped 1 - 7 2-5 ycm 

core 

diameter of the pump- 15 - 100 15 - 30 |xm 

10 ing core 

numerical aperture of 0.12 - 0.40 0.12 - 0.20 
the pumping core 

numerical aperture of 0.08 - 0.25 0.10 - 0.25 
the doped core 

15 According to the presently preferred embodiment of the 

invention, schematically shown in Fig. 5 in which the same 
references ..have been used for egual or similar components, 
the coupling between the pumping diode 1 and the optical 
waveguide segment 2 is realized through a multi-mode fiber 

20 pigtail 20 directly spliced to the waveguide segment at one 
end and coupled to the diode 1 at the other end through 
conventional and not illustrated means. 

For graphic requirements, the size of the optical 
waveguide segment 2 was magnificated as his real size is 

25 approximately the same of the fiber pigtail 20. 

As another advantage of the invention the requirements 
for the stability of the diode emission wavelength are 
greatly simplified. Due to the wide pumping band of Nd ions 
in the quartz glass it is acceptable to use diodes with a 

30 wavelength from 790 nm to 820 nm, i.e. within a band of + 
15 nm. 

In particular thanks to the specific rare earth 
dopants Nd and Yb it is possible to use an inexpensive 
multi-mode 800 nm GaAlAs laser diode which is easily 
35 available and reliable. 
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Furthermore, thanks to the special design of the 
mirrors it is possible to obtain a laser device capable to 
operate in 970-980 nm range. 

In addition, thanks to the very lov concentration of 
5 Yb (100-1000 lower than the concentration of the known 
devices) it is possible to obtain a laser operating 
according to a radiative energy transfer between Nd and Yb 
and consequently a single-mode optical fiber laser 
continuous wave operation. 
10 It will be understood by those skilled in the art that 

various modifications and changes may be made to the 
present invention without departing from the scope and 
spirit thereof. 
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CLAIMS 

1. A single-mode optical fiber laser Comprising: 
a pumping laser diode source (1) emitting light at a 
first wavelength (LI); ' 1 

5 - , an optical waveguide segment (2) coupled at one end to 
said laser diode source (1) aftd comprising: 

i. an inner step-index single-mode waveguide (10); 

ii. an outer multi-mode waveguide (11) surrounding 
the former; 

10 iii, a cladding (12) surrounding said outer waveguide 

(11)/ 

a pair of mirrors (3, 4) placed at the . ends of sdid 
optical fiber segment (2), 
characterized in that: 
15 - said inner waveguide (10) is doped with both Nd and 
low concentration of Yb; 

said ijiirrors (3, 4> are reflecting radiation at a 
second wavelength (L2 ) in the range 910-940 nm and at 
a third wavelength (L3) in the range 970-980, and 
20 suppressing reflections of wavelengths outside the 

range defined by said second and third wavelengths 
(L2, L3). 

said first wavelength (LI) being in the range 780-820 
nm. 

25 2. A laser device as claimed in claim 1, characterized 

in that the Nd concentration in said inner waveguide (10) 
is from 10 to 500 ppm and the Yb concentration is from 1 to 
50 ppm. 

3. A laser device as claimed in claim 1 or 2, 
30 characterized in that the Nd and Yb concentrations in that 

said inner waveguide (10) are of 80-110 ppm and of 1-4 ppm, 
respectively. 

4. A laser device as claimed in claims 1 to 3 r 
characterized in that said optical waveguide segment (2) is 

35 coupled to said laser diode source (1) through a direct 
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splicing of a multi-mode fiber pigtail (20) to said optical 
waveguide segment (2). 

5. A laser device as claimed in claims 1 to 4, 
characterized in that the Nd to Yb ratio in said step index 

5 single-mode waveguide (10) is comprised between 20 to 100, 
and preferably between 30 to 50. 

6. A laser device as claimed in claims 1 to 4, 
Characterized in that the ratio of the cross-section areas 
between the inner waveguide (10) and the outer waveguide 

10 (11) is comprised between 1 and 100 , and preferably between 
2 and 20. 

7. A laser device as claimed in claims 1 to 4/ 
characterized in that the. numerical aperture of the outer 
waveguide (11) is comprised between 0.12 and 0.35 and the 

15 numerical aperture of the inner waveguide (10) is comprised 
between 0.08 and 0.25. 

8 . A laser device, as claimed in claims 1 to 4 , 
characterized in that the outer waveguide (11) has a 
circular cross -section. 

20 9. A laser device as claimed in claims 1 to 4, 

characterized in that the outer waveguide (11) has an 
elliptical cross-section. 

10. A laser device as claimed in claims 1 to 4, 
characterized in that the outer waveguide (11) has a 

25 rectangular cross-section. 

11. A laser device as claimed in any of the preceding 
claims, characterized in that the inner waveguide (10) is 
of quartz glass doped with Al, P, Sc, Y or a combination 
thereof . 

30 12. A laser device as claimed in any of the preceding 

claims, characterized in that said cladding (12) is of 
quartz glass. 

13. A laser device as claimed in claim 12, 
characterized in that said quartz glass is doped with 
35 fluorine. 
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14 . A laser device as claimed in any of the preceding 
claims 1 to 12, characterized in that said ' cladding ( 12 ) is 
of a polymeric composition. 

15. A l&ser device as claimed in any of the preceding 
5 claims , characterized in that said mirrors (3, 4) are 

formed as coatings of a multilayer ' dielectric . 

16. A laser device as claimed in any of the preceding 
claims, characterized in that said outer waveguide (11) has 
a graded profile of the refraction index. 

10 17. A laser device as claimed in any of the preceding 

claims, characterized in that said diode source (1) is a 
multi-mode 800 nm GaAlAs laser diode. 

18. A laser device as claimed in claim 1, 
characterized in that the reflectivity of said mirrors (3, 

15 4) is > 90*. 

19. A laser device as claimed in claim 1 and 18 , 
characterised in that the .reflectivity of mirror (3) facing 
the pumping diode (1) is > 99%. 



WO 95/10869 



PCT/IT93/00108 




WO 95/10869 



PCT/IT93/00108 




INTERNATIONAL SEARCH REPORT 



Inu lal Application No 

PCT/IT 93/00108 



A. CI.ASSN ICATION OK SUHJKCT MATTER 

IPC 6 H01S3/06 



According to International Patent Classification (IPC) or to both national classification and IPC 



I). HI-LOS SI-ARC! II:D 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 6 HOIS 



Documcniauon searched other than minimum documentation to the extent that such documents arc included m the fields searched 



Electronic data hasc consulted during the international search (name of data base and, where practical, search terms used) 



C. DOCIJMKNTS GONSIDKRKD TO HF. RELEVANT 



Category * Citation of document, with indicauon, where appropn ate, of the relevant passages 



Relevant to claim No. 



US,A,4 829 529 (J.D.KAFKA) 9 May 1989 
cited in the application 

PROCEEDINGS OF THE OSA TOPICAL MEETING, MAY 

1-3,1989 

pages 340 - 345 

D.C.HANNA ET AL. 'Continuous wave tunable 
and superff luorescent operation of a 
monomode Ytterbium-doped fiber laser 1 
cited in the* application 
see abstract 

-/~ 



1 
1 



m 



Eurther documents arc listed in the continuation of box C. 



m 



Patent family members arc listed in annex. 



' Spcaal caicgoncs of cilcd documents : 

'A' document defining the genera! state of the art which is not 
considered to he of particular relevance 
earlier document but published on or after the international 
filing date 

"I." document which may throw doubts on priority claim(s) or 
which is cited to establish the publican on date of another 
citation ot other special reason (as specified) 

'()" document referring to an oral disclosure, use, exhibition or 
other means 

"P" document published prior to the international filing date but 
later than the priority date claimed 



T later document published after the international filing dale 
or priority date and not in conflict with the application but 
died to understand the principle or theory underlying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

'Y* document of particular relevance; the claimed invention 
cannot be considered to involve an invenuve step when the 
document is combined with one or more other such docu- 
ments, such combinauon being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion of the inlcrnaUonal search 



20 June 1994 



Dale of mailing of the international search report 



Name and mailing address of the ISA 

European Patent Office, P.B. 581 8 Palcntlaan 2 
NL- 2280 I IV Rijswijk 
Tel. ( » 31-70) 340-2040, Tx. 31 651 cpo nl, 
l ax:( i 31-70) 34a 3016 



Authorized officer 



Galanti, M 



Form PCT/ISAOIO <»«™d ihwt) (July 1992) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



Intc >al Application No 

PCT/IT 93/00108 



^Continuation) DOCUMENTS GONSIDKRHD IX) BE RELEVANT 



Calcgory * 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant In claim No. 



PROCEEDINGS OF THE IEEE NEREM, NOVEMBER 6-8 
1968, MASSACHUSETTS, USA 
pages 42 - 43 

E.SNITZER 'Recent advances in glass 
lasers 1 

cited in the application 
see the whole document 

EP,A,0 239 772 (POLAROID CO) 7 October 
1987 

see abstract 

EP,A,0 320 990 (POLAROID CO) 21 June 1989 
see claims 19-22,29 

W0, A, 91 10272 (UNIVERSITY OF SOUTHAMPTON) 
11 July 1991 
see abstract 



Form PCT/lSAtflO <conltmi»tion of teennd sheet) <Juty I9M) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

jormatimi on patent family members 



Intc -a! Application No 

PCT/IT 93/00108 



Paicni document 
died in search report 



Publication 
date 



Patent family 
member (s) 



Publication 
date 



US-A-4829529 



09-05-89 



NONE 



EP-A-0239772 


07-10-87 


JP-A- 


62219678 


26 J 09-87 


EP-A-0320990 


21-06-89 


US-A- 
DE-A- 
JP-A- 


4815079 
3874701 
1260405 


21- 03-89 

22- 10-92 
17-10-89 


WO-A-9 110272 


1 11-07-91 

i 


GB-A- 
EP-A- 
JP-T- 
US-A- 


> 2239983 
0506731 
5505.280 

' 5291501 


17-07^91 
07-10-92 
05-08-93 
01-03-94 



Form PCT/IS/V'210 (paieui family mne») <Jury 1992) 



